Vertical distribution, life cycle, and developmental characteristics of the mesopelagic copepod Gaidius variabilis in the Oyashio region were investigated by combining the analyses of field copepodite populations with laboratory-rearing data of egg hatching and naupliar development. Field samplings from five discrete depths between the surface and ≤ 2000 m were made approximately every month for one year. Most populations of G. variabilis occurred at 600-1000 m depth. A modest degree of reversed diel vertical migration behavior and some stage-specific depth-distribution patterns were noted. All copepodite stages were observed throughout the year, suggesting a year-round spawning of G. variabilis. From a prominent abundance peak of copepodite stage 1 (C1) seen in June-August, together with development times of eggs and nauplii obtained in laboratory-rearing experiments, the major spawning season was extrapolated to April-June, the phytoplankton bloom season. Tracing the peak abundance of each copepodite stage (distinguishing males and females for C4-C6), the generation lengths of males and females were deduced as 2 and 1 yr, respectively. All between-stage increments in terms of wet-, dry-, and ash-free dry weights were greatest in C3/C4, and least in C5/C6 for both males and females. The increments in C3/C4 and C4/C5 were greater for males than for females, reflecting a longer stage duration of the males. These weights did not increase in C5/C6 males, possibly because feeding ceased in C6 males. These results of G. variabilis are compared with those of some mesopelagic copepods previously reported from other regions.
Introduction
In the subarctic Pacific, the life histories and associated vertical distribution patterns of oceanic calanoid copepods have been studied extensively for large grazers, such as Neocalanus spp., Eucalanus bungii, and Metridia pacifica (Miller et al. 1984; Batchelder 1985; Miller and Clemons 1988; Kobari and Ikeda 1999) , because of their high abundance and importance as secondary producers. Except for these primarily epipelagic species, little data have been available for those living in meso-and bathypelagic zones in the subarctic Pacific until the recent studies on Paraeuchaeta elongata (Ozaki and Ikeda 1999) and Pleuromamma scutullata and Heterorhabdus tanneri (Yamaguchi and Ikeda 2000) . Other than subarctic Pacific, presently available information about life cycle patterns of meso-and bathypelagic copepods include those of P. elongata (Morioka 1975; Ikeda and Hirakawa 1996) and Scolecithricella minor (Yamaguchi et al. 1999) in the Japan Sea, Chiridius armatus in the Norwegian and Swedish fjords (Matthews 1964; Bakke and Valderhaug 1978; Båmstedt 1988) ,
Euchaeta norvegica in the Norwegian fjords (Wiborg 1954; Båmstedt and Matthews
Surface salinity ranged seasonally from 32.2 to 34.1‰. Relatively high surface salinities (>33.5‰) occurred from December 1996 to January 1997 (Fig. 2b ).
Oyashio Water, characterized by salinities between 33.0 and 33.5‰ and temperatures lower than 3oC (Hanawa and Mitsudera 1987) , was observed at 0-150 m from February to April 1997. Less saline water (<33.0‰) recorded near the surface during other months is considered to be derived from the Okhotsk Sea (Kono, personal communications). Salinity below 500 m depth changed only slightly throughout the year (range: 34.0-34.5).
Phytoplankton biomass, estimated as chlorophyll a concentrations, showed a drastic seasonality (Fig. 2c) . Chlorophyll a concentrations at the surface were about 0.4 mg m-3 from August 1996 to the end of March 1997, then increased rapidly to >9 mg m-3 in May 1997, where concentrations above 2 mg m-3 extended down to 50 m depth. Surface chlorophyll a concentrations decreased to 2 mg m-3 by the end of June and were less than 1 mg m-3 toward the end of 1997. Chlorophyll a concentrations below 100 m depth were <0.2 mg m-3 throughout the year.
Vertical distribution
Most Gaidius variabilis populations were distributed below 500 m depth throughout the year. Day-night vertical distributions observed on 8 December 1996, 11 April, and 5
October 1997 exhibited a nocturnal descent pattern on all occasions (Fig. 3a) . The magnitude of diel vertical migration of the entire population ranged from 80 m in October (daytime D50%= 990 m, and nighttime D50%= 1070 m) to 260 m in December (daytime D50%= 885 m, and nighttime D50%= 1145 m). Over the entire study period, the nighttime depths of D50% for the whole population ranged from 611 m (23 June 1997) to 1145 m (8 December 1996), but seasonal variations in the nighttime D50%
were not significant (p=0.65, one-way ANOVA) (annual mean nighttime D50%= 812 Fig. 3a ).
Between-stage differences in the nighttime D50% were significant (p=0.006, one-way ANOVA, Fig. 3b ). The differences between females and males were not significant in C4 and C5 (p=0.51, Wilcoxon two-sample test), but significant in C6 (p=0.01), so the data for both sexes were separated only for C6 in Fig. 3b Abundance/population structure The C1 stage of Gaidius variabilis occurred throughout the year, but they were most abundant from 23 June to 17 August 1997 and very few in December-May (Fig. 4) .
Assuming the repetition of the same annual cycle, a sequential development of the major C1 population seen in June-August could be traced; i.e. developing to C2 in September-October and then C3 in October-December. The seasonal variations in abundance were less pronounced in C4 to C6. Combined data of females and males may obscure the developmental sequence from C4 to C6. For further analysis see "Life cycle" in the Discussion section.
Sex ratios of C4-C6 differed; females dominated in C4 and C6 (annual mean female:male ratio= 1.63:1 for C4, 4.45:1 for C6), and males dominated in C5 (0.78:1).
Integrated sex ratio over C4-C6 was nearly equal (0.97:1).
Abundance data were converted to biomass (bottom panel of Fig. 4 
Body length and weight
All PL, WW, DW, and AFDW increased progressively from C1 to C3 (Table 2) .
After C4, sexual differences in these parameters became evident. The WW, DW, and AFDW of males were much greater than those of females at C4 and C5, but the reverse was the case at C6.
To analyze the body allometry, a power regression model was adopted; W=aLb (or log10W=b·log10L+log10a), where W is WW, DW, or AFDW (all in µg), L is PL (mm), and a and b are fitted constants. The data of Gaidius variabilis closely fitted the regression model (r2=0.98-0.99, Table 2), resulting in constant b (power) values of 3.14-3.32. Water contents ranged from 66.0% (C5M) to 78.4% of WW (C5F). Water contents differed significantly between stages (p<0.0001, one-way ANOVA). Subsequent analysis showed greater water contents in females than males (p<0.001, Fisher's PLSD). AFDW ranged from 69.7% (C3) to 88.5% of DW (C5M), and also differed significantly between stages (p<0.0001, one-way ANOVA). AFDW was greater in late copepodite stages than in early copepodite stages (p<0.001, Fisher's PLSD).
Spawning and early development
Adult females of Gaidius variabilis laid a batch of 4 to 23 spherical eggs (mean egg diameter= 325 [±11, 1SD] µm, N=20). The eggs were slightly heavier than seawater and sank to the bottom of the containers. The spawning interval was 5 to 19 days, and the maximum number of successive spawning observed was five.
The egg hatching time was the longest at 0.5˚C (7.9 d) and shortened consistently with increasing temperature (2.7 d at 10˚C) (Table 3) 
Discussion

Vertical distribution
Diel vertical migration (DVM) is a behavioral characteristic known in many zooplankton, typically ascending to the surface layer at night and descending to depth during daylight hours, the so called 'normal' DVM (cf. review of Mauchline 1998). In contrast, Gaidius variabilis exhibited DVM in which the day-night patterns were reversed (Fig. 3a) . Such a reverse DVM has been observed in some Pseudocalanus, Calanus, and Sapphirina species (Ohman et al. 1983; Bollens and Frost 1989; Chae and Nishida 1995) . Both normal and reverse DVM behavior of zooplankton have been interpreted as avoidance from predators (Ohman et al. 1983; Ohman 1990; Lampert 1993) . In the Oyashio region, G. variabilis have been reported as an important diet component of gonostomatid fishes (Cyclothone atraria and C. pseudopallida) and myctophid fishes (Stenobrachius nannochir and Lampanyctus jordani) (Gordon et al. 1985) . Among these fishes, only L. jordani have a diel vertical migration (daytime: 400-700 m, nighttime: 60-700 m), and the other three are non-migrators residing at 400-700 m depth both day and night (Miya and Nemoto 1991; Watanabe et al. 1999) .
Compared with depth ranges of these predators, G. variabilis are distributed slightly deeper (annual mean night D50%: 812 m), so the daytime ascending behavior of G.
variabilis apparently is not explainable by the predator-avoidance hypothesis. From the viewpoint of food availability, aetideid copepods including G. variabilis are omnivores/detritivores and fecal pellets are frequently found in their guts (Arashkevich 1969; Minoda 1971; Harding 1974; Greene 1985 Greene , 1988 Falkenhaug et al. 1997a ),
implying that their upward migration may be advantageous to increase energy gain by feeding when prey items are more abundant in the upper layers. Clearly, more information is needed about the vertical distribution pattern of the prey of G. variabilis, and the diel feeding rhythm of predatory mesopelagic fishes (if any) to interpret the reverse DVM of G. variabilis from the viewpoint of adaptive significance.
Information about ontogenetic vertical migration (OVM) of mesopelagic copepods is currently limited to only a few species belonging to the families Euchaetidae (Morioka 1975; Binet 1977) and Aetideidae (Richter 1994; Falkenhaug et al. 1997a) . Although the magnitude of OVM and stage-specific depth distribution differ greatly between species, developmental ascent is a common characteristic of these copepods. For Gaidius variabilis studied here, the developmental ascent was seen from C2 to C6 females (Fig. 3b) . Eggs and nauplii of G. variabilis were not collected in the present study, but judging from the data of C1 and C6, their distribution may be estimated as within 500-1000 m depth. Assuming this, the magnitude of the entire OVM of G. variabilis calculated in this study (337 m) is much less than that of OVM (500->1000 m) for large grazing Neocalanus copepods in the subarctic Pacific (Miller et al. 1984; Kobari and Ikeda 1999) .
Life cycle
The occurrence throughout the year of C1 and C6 adults suggests a continuous spawning of Gaidius variabilis in the Oyashio region. From the Belehrádek relation between temperature and egg hatching time and naupliar development established in this study (Fig. 5) , the likely spawning time for the abundance peak of C1 in JuneAugust (Fig. 4) can be estimated. Designating a habitat temperature of 2.5˚C (the temperature at ca. 800 m depth where the most of the population resided throughout the year, cf. Figs. 2 and 3) , the Belehrádek equations (Fig. 5) The development sequence of the peak could be traced up to C3, but was obscured beyond C3 (Fig. 4) . We consider that the development times of C4-C6 are different between males and females, and these differences are masking the developmental sequences beyond C3. 
Characteristics of eggs and body allometry
The spawning pattern of calanoid copepods is divided into two types: free spawner (or broadcast-spawner), and egg-sac spawner (or egg-brooding spawner). Among aetideid copepods, Chiridius gracilis and Euchirella pseudopulchra are egg-sac spawners suggesting that accumulation of dry matter in the body is more intensive for the former than the latter. In terms of AFDW, the C3/C4M and C4M/C5M are 1.4 and 1.8 times greater than the C3/C4F and C4F/C5F (Table 2 ). The negative increment (i.e. degrowth) seen in C5/C6 males (Fig. 7) may be due to the degeneration of feeding appendages of adult males Gaidius variabilis (Brodsky 1950), a common phenomenon seen in aetideid copepods (Matthews 1964; MacLellan and Shih 1974) . Degeneration of feeding appendages implies that feeding ceases, therefore body organic matter is utilized for metabolism and production of spermatophores leading to the loss in weight.
As a mesopelagic copepod, between-stage increment has been calculated for Paraeuchaeta elongata in the Japan Sea by Ikeda and Hirakawa (1996) . The increment patterns across copepodite stages of P. elongata are consistent with the patterns of Gaidius variabilis in that the increment is greatest at C3/C4, and least at C5M/C6M (P.
elongata cease feeding at C6M like G. variabilis), but the former differs from the latter in that the greatest increment seen at C3/C4 is more marked (5.0 vs. 3.0) and differences in increments between males and females are not appreciable, except for C5/C6
(male>female for G. variabilis). In a recent study, the greatest increment is also found at C3/C4 (ca. 5.0) in another mesopelagic copepod Heterorhabdus tanneri (Yamaguchi and Ikeda 2000) . Mauchline (1998) compiled increment data for DW of marine copepods (mostly of shallow-living species) and showed that increments tended to increase progressively with stage number in copepodites (only females) and reach the maximum around 2.0. Therefore, it seems there are some differences in organic-matter accumulation in the body between epipelagic and mesopelagic copepods, but this conclusion is still premature because of the paucity of data for mesopelagic copepods. Vertical bars represent 95% confidence intervals. 
